Abstract-Heat transfer from plasma to a nonspherical partical in the free-molecular regime is studied in the present paper under thin plasma sheath condition. Analytical expressions for the floating potential charge and heat fluxes of an ellipsoid particle of revolution are derived and curves are given for key parameters for arbitrary plasma flow direction. On the basis of these results, an equivalent sphere with the same surface area as the nonspherical particle is suggested to be used for calculating the total heat flux of nonspherical particle in engineering application with acceptable accuracy. Furthermore, the effects of particle rotation, which occurs in most aerosol systems, on the heat transfer are also discussed.
I. INTRODUCTION
URING the past decade, the study on plasma-particle D interaction has attracted increasing interest due to the wide applications of the plasma processing [ 11- [3] . Numerical and analytical methods have been adopted to investigate the effects of mass, momentum and energy transfer [4] - [7] , particle evaporation [8], gas rarefaction [9] , [lo] and so on.
At the same time, the studies on certain basic mechanisms such as the floating potential, drag and heat transfer for particle in plasma have also been carried out extensively [11]- [26] . As is well known, in the plasma processing of fine particles, the heat transfer to the particles includes the attributions of electrons, ions and atoms due to the gas ionization, and a negative floating potential relative to the surrounding plasma often exists on the particle surface [I 11-[21] , but when the particle surface temperature is so high that the thermal electron emission of particle prevails, the floating potential may even become positive [18]- [22] . The method of molecular gas dynamics was successfully applied to analyse the floating potential, drag and heat transfer of spherical particles in rarefied thermal plasma [11]- [22] . Chen et al. [14] studied the difference of charging and heat transfer between spherical metallic and nonmetallic particles for thin plasma sheath, and the effect of thick plasma sheath was corrected by A. G. Gnedovets et al. [15] . An analytical model for plasma flow around a spherical particle including gas rarefaction and particle-charging was proposed by C. H. Chang and E. Pfender [17] . Ref.
[18]- [22] show that the thermal electron emission is an important factor to detemine the heat flux of high temperature particle and the positive floating potential of particles was firstly studied by the authors [22] . More recently, the particle performance encountered in low-pressure plasma such as in plasma dry etching has been studied theoritically and experimentally by M. J. Kushner Generally, the particles encountered in plasma processing are not perfectly spherical [l] , the effect of particle shape on the particle charging and heat transfer to the particle needs further studies [l] . The results given by A. G. Gnedovets [16] demonstrate that the heat transfer between plasma and particles is greatly influenced by the particle shape, the velocity and orientation of the plasma oncoming flow.
In the plasma processing, the particles are usually rotating due to the bombardment of fluid species (for macroparticles) or the shear stress of flow (for large size particles), as observed in most aerosol systems [27], therefore the particle may behave more or less like an ellipsoid of revolution. On the other hand, most nonspherical particles can be roughly approximated (except tetrahedroid or some rare shapes) by properly chosen ellipsoids of revolution. Hence, the nonspherical particle shape is approximately modeled as an ellipsoid of revolution in the present paper. The floating potential and heat flux to the ellipsoid particle are derived under thin plasma sheath conditions with the effects of the aspect ratio, the plasma oncoming velocity and the particle surface temperature taken into consideration. Finally, an equivalent spherical particle with the same surface area as the ellipsoid particle is suggested for calculating the total heat flux to the nonspherical particle with a few percent's error.
11. ANALYTICAL TREATMENT When a particle is immersed in a plasma flow, a great number of collisions with negative electrons, positive ions and netural atoms result in the particle charging and energy exchange between them. The floating potential should be determined by the equilibrium of nean charge flux over the whole surface for metallic particles or of local charge flux for nonmetallic ones. Generally, the local flux of plasma gas species incident on the particle surface can be obtained by the integration with respect to the velocity space.
The mean value of $~j is 6 = & s s +jds, where S p is the particle surface area. When the particle size is much less 
where j = e , i , a denote plasma electrons, ions and atoms respectively; n, T and m are number density, temperature and mass of plasma species. v' is the thermal velocity of plasma species and U' is the drift velocity of plasma oncoming flow. A means that any electron with U , less than ,,/-can not arrive at the particle surface due to the action of negative floating potential +f.
When the thermal electron emission is negligible [ 113-[ 171, the floating potential defined by the equilibrium of electrons and ions incident on the particle surface can be obtained by the following equation 
J :
The plasma oncoming flow with arbitrary spatial direction of (00, 90) projecting on the inner surface normal is -u(sinOocospocosa + sin0osincpocosp + cosO~cosy). Since ellipsoid of revolution (around axis 2 ) is considered, axis X can be chosen on the plane determined by axis 2 and plasma oncoming flow direction, thus 90 = 0, and the floating potential and the heat fluxes to the particle can be calculated by:
$ . 
E1 is ionization energy, W is the working founction of particle material. The velocity distribution function of gas species reflected from the particle surface can be expressed
where T, is the particle surface temperature.
heat flux F e
The average heat fluxes of the particle species and the total During the plasma processing, the particles to be processed are not always perfectly spherical. The nonspherical particle will be approximately considered as an ellipsoid of revolution because of the somewhat rough similarity of the shape and the rotation which most of particles experience. The ellipsoid is expressed by 5 + $ + $ = 1, as shown in Fig. 1, in which the coordinate system OXYZ is fixed on the particles and oxyz relates to the point on the particle surface. It is needlelike for clu >> 1 while disclike for cla << 1. For the inner surface normal of any point on the particle surface ( X = asinOcosp, Y = asinOsinp, 2 = ccosO), the direction and sh = 0.5 is shown in Fig. 2 , and the effects of plasma oncoming velocity sh and particle surface temperature T, are shown in Fig. 3 and Fig. 4 . An interesting result is that there is a critical angle Ocrit FZ 55 O , which is independent of the ratio of axis length, plasma-particle relative velocity and particle surface temperature. As shown in Fig. 2 4 , when the plasma flows in the direction of 00 = Bcrit or 180 -Bcrit, the total heat flux density of ellipsoid particles equals to that of spheric particles. But Q R is larger than 1 when < BO < 180 -Bcrit, and is smaller than 1 when 00 < Bcrit or 190 > 180 -Bcrit for prolate ellipsoid particles ( c / a > l), while the results for oblate ellipsoid particles ( c / a < 1) is just the opposite. Furthermore, a larger variation of Q R with Bo can be found in Fig. 2 and Fig. 3 for oblate ellipsoid particles than that for prolate ones, for example, QR increases from 0.901 (5)- (8) can be simplified by setting sh = 0. As expected, the plasma is homogeneous, and the floating potential and heat fluxes are independent of the particle shapes. When sh # 0, as shown in Fig. 3 , the deviation of the total heat flux density of ellipsoid particles from sphere particles increases greatly as sh increases. On the other hand, the effect of particle surface temperature, as shown in Fig. 4 , is small and negligible. Totally, the deviation of Qellipsoid from Qsphere is about 10 453 percent when the plasma-particle relative velocity is not very large, e.g. when sh < 0.5. Hence, within the acceptable accuracy of engineering calculation, we suggest that an equivalent spherical particle with the same surface aera, rather than with the same volume as discussed in [28], as the nonspherical particle be approximately used for calculating the total heat flux to the nonspherical particle from plasma.
As mentioned above, the particles are usually rotating due to the bombardment or shear force, therefore the floating potential, local heat flux density and total heat flux density all randomly oscillate with the variation of the incident angle of plasma oncoming flow. Generally, the rotation period of particles is on the order of tenths of a second or much smaller determined by the density of particle materials, the aspect ratio c / a and the plasma conditions, which has been discussed in detail in another paper [29] , while the heating time of particles in plasma is often on the order of seconds. Thus for the time scale larger than the particle rotation period, the oscillation of the total heat flux density is smoothed by the rotation, and the local heat flux density should also be replaced by that average over all incident angle of oncoming flow, and thus will be the same as the total heat flux density. The variation of the average value GR = $ Q~d 0 0 for rotating particles with the axial ratio c / a for different relative velocity is shown in Fig. 5 . It is evident that the deviation of heat flux density for rotating ellipsoid particles from spherical particles is further reduced to a few percent, for example, the deviation of QR is only 5 or 9 % when c / a reaches 10 or 0.1 and s h is as high as 0.8, thus the equivalent sphere suggested above is more appropriate for the rotating nonspherical particle.
Moreover, this approximation is very convenient for engineering applications. Since the specific surface aera of most samples is known or can be measured,their behavior can be adequately simulated by several groups of spherical particles (each has a given diameter) with the same specific surface aera and nearly the same particle diameter distribution as the sample under study. The heating history of nonspherical particles, including the melting and evaporating, can thus be easily predicted by using those widely used formulae derived for spherical particles.
